Natural Killer (NK) cells are important in the immune response to a number of viruses; however, the mechanisms used by NK cells to discriminate between healthy and virus-infected cells are only beginning to be understood. Infection with vaccinia virus provokes a marked increase in the susceptibility of target cells to lysis by NK cells, and we show that recognition of the changes in the target cell induced by vaccinia virus infection depends on the natural cytotoxicity receptors NKp30, NKp44, and NKp46. Vaccinia virus infection does not induce expression of ligands for the activating NKG2D receptor, nor does downregulation of major histocompatibility complex class I molecules appear to be of critical importance for altered target cell susceptibility to NK cell lysis. The increased susceptibility to lysis by NK cells triggered upon poxvirus infection depends on a viral gene, or genes, transcribed early in the viral life cycle and present in multiple distinct orthopoxviruses. The more general implications of these data for the processes of innate immune recognition are discussed.
Natural killer cells are important components of the immune responses to many viruses, yet with the exception of NK recognition of cytomegalovirus-infected cells (17, 25) , the mechanisms used by NK cells to distinguish between healthy and virus-infected cells are not well understood. The behavior of an NK cell confronted by a target cell is thought to depend on a delicate balance of signals transduced by activating and inhibitory receptors (36) . Major histocompatibility complex (MHC) class I molecules are key ligands transmitting inhibitory signals to NK cells, while NKG2D and the natural cytotoxcity receptors (NCR), NKp46, NKp44, and NKp30, seem to be the major receptors driving activation of NK cells. The importance of the different activating receptors for NK cell recognition of different types of target cells varies, and it is clear that the basis of this phenomenon is differential ligand expression by target cells (43, 58) . These observations are obviously important but derive mainly from studies using tumor cell targets (36) . It is thus important to explore the mechanisms controlling NK cell recognition of virus-infected cells, since it seems likely that the mechanisms used by NK cells for target cell recognition have evolved in response to the pressure of pathogens, such as viruses, rather than in response to cancer. The few NK cell-deficient humans identified have suffered from recurrent virus infections (8) , while in various murine systems, loci associated with resistance to infection with cytomegalovirus, herpes simplex virus, and ectromelia have been mapped to the NK gene complex on chromosome 6 (12, 31, 44) . Thus, we decided to explore the mechanisms used by NK cells to discriminate between uninfected targets and cells infected with poxviruses.
Vaccinia virus infection elicits NK activation, proliferation, and accumulation at the site of infection (14, 18, 21, 40) , and NK cells have long been proposed to mediate an important element in the protective response against this poxvirus (14, 49) , especially in situations of T-cell deficiency (27) . However, while it is known that vaccinia virus infection can provoke increased susceptibility to NK cell lysis (6, 13) , the receptors and ligands important for NK cell recognition of vaccinia virusinfected cells are not known.
Our data confirm that infection with multiple distinct orthopoxviruses provokes a marked increase in the susceptibility of target cells to lysis by NK cells, and they demonstrate that the changes in the target cell recognized by the NK cell depend on a gene or genes transcribed early in the viral life cycle. Vaccinia virus infection does not alter expression of ligands for the activating NKG2D receptor, nor does downregulation of MHC class I molecules appear to be of critical importance in the altered target cell susceptibility to NK lysis induced by vaccinia virus infection; rather, the NCR NKp30, NKp44, and NKp46 appear to be the most important receptors for NK cell recognition of the vaccinia virus-infected target cell. These observations suggest that recognition by NK cell activating receptors involves the detection of changes in the target cells induced by conserved processes important for virus replication complementing other components of the innate immune system, where conserved structural elements of pathogens directly interact with conserved germ line-encoded receptors (57) .
MATERIALS AND METHODS

Cells and antibodies. The human foreskin fibroblast (HFF) cell lines Hs27
[HLA-A3 and -A23, -B8 and -B71(70), and Cw7] and HFFF2 [HLA-A11 and -A24(9), -B61(40) and B35, and Cw2 and Cw4] were obtained from the ECACC and maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and antibiotics.
NK cell lines were prepared from healthy adult donors as previously described (33) and were monitored periodically for the presence of T cells. The NK cell lines used in the experiments presented were over 95% CD3 Ϫ CD56 ϩ . All of the NK cells expressed the activating receptors NKG2D, NKp46, NKp44, and NKp30, but in general, the NKp44 receptor was expressed at lower levels than the other NCR or NKG2D.
The anti-HLA class I (HLA-A-, -B-, and -C-reactive) antibodies used were Viruses. The various poxvirus isolates used in these experiments were a gift from A. Alcami (CNB, UAM, Spain) and have been described previously (1) . Vaccinia virus deletion mutants (39, 51) were a gift of G. Smith (Department of Virology, Faculty of Medicine, Imperial College London). The vaccinia virus strain MVA (VR 1508) was obtained from the ATCC. Virus stocks were prepared in BSC-1 or TK-143B cells and titered in the human fibroblast cell lines Hs27 and HFFF2, except for MVA, which was grown and titered in BHK cells. Inactivation of vaccinia virus was achieved by treatment with Trioxsalen (4,5Ј,8-trimethylpsoralen; Sigma) and long-wave UV light. Virus-containing supernatants were brought to a Trioxsalen concentration of 2 g/ml, incubated at room temperature for 10 min, and then exposed to UV light for 5 min. These conditions inactivate viral replication without abolishing the ability of the virus to infect cells (54) .
In some experiments, target cells were pretreated with cycloheximide (CHX) at a concentration of 20 g/ml for 1 h before the cells were infected with virus. The CHX was kept at this final concentration in the medium throughout the killing assay. The efficiency of cycloheximide treatment was verified by metabolic labeling with [ 35 S]methionine and sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of whole-cell lysates. For experiments involving cytosine-D-arabinofuranoside (AraC), an inhibitor of DNA replication that allows early protein expression but prevents synthesis of late viral proteins, cells were treated with 50 g/ml AraC (Sigma) 30 min after infection. The efficiency of AraC treatment in the inhibition of viral-DNA replication was assessed by measurement of the inhibition of incorporation of Flow cytometry. For flow cytometry, 10 5 cells were preincubated in phosphatebuffered saline (PBS) containing 1% bovine serum albumin (BSA), 0.1% sodium azide (Sigma), and either 10% normal goat serum, for staining with NCR-Ig, or 10% human serum, for staining with mouse MAbs. Cells stained with mouse MAbs were visualized, after being washed, by incubation with phycoerythrinlabeled F(abЈ) 2 fragments of goat anti-mouse Ig (Dako).
Staining with the Ig fusion proteins was done after immobilization of the chimeric proteins on fluorescent Covaspheres (Spherotech, Inc., Libertyville, IL). This experimental procedure was carried out essentially as described previously (11) , except that the Ig fusion proteins (1 to 2 g/sample) were mixed with 10 to 20 l protein A-coated fluorescent beads/sample. Small volumes were shaken in round-bottom microtiter plates. Where volume adjustment was necessary, the beads were centrifuged and resuspended in PBS containing 0.2% BSA.
In all experiments, cells were stained 16 to 18 h after infection, and the efficiency of infection was monitored by staining with polyclonal rabbit antivaccinia virus antisera (gifts of A. Alcami). Dead/apoptotic cells were eliminated from the analysis by propidium iodide staining. Samples were analyzed using a FACScan II flow cytometer (Becton Dickinson).
Cytotoxicity assays. The cytolytic activities of NK cell lines and clones against virus-infected and uninfected target cell lines were assessed in 4-h 51 Cr release assays. In these assays, 5 ϫ10 3 target HFFs were plated in flat-bottom 96-well microtiter plates at 37°C, allowed to adhere, and then infected with the indicated virus strain or mutant. After adsorption of the virus for 1 to 2 h at 37°C, the inoculum was removed and medium containing Na 51 Cr 2 O 4 was added (1 Ci/ well). Mock-infected targets were prepared in parallel. At the indicated times after infection, effector cells at various concentrations were added to the infected and mock-infected targets, and the assay mixture was incubated at 37°C.
In experiments with antibody blocking, NK cells were preincubated with saturating amounts of the indicated MAbs (10 g/ml) for 1 h before addition to the target cells.
Assays were performed in triplicate, and data values differed by Ͻ10% (average, ϳ5%) of the mean. In all the cytotoxicity assays presented, the spontaneous release of 51 Cr was Ͻ25% (average, ϳ10%) of the maximal release. All cytotoxicity assays were performed 6 to 8 days after restimulation of the NK cells.
RESULTS
Vaccinia virus-infected cells are highly susceptible to lysis by primary human NK cells. Human foreskin fibroblasts infected with vaccinia virus are markedly more sensitive to NK lysis than uninfected fibroblasts (Fig. 1) . Study of Epstein-Barr virus-transformed B-cell lines (DBB and JY) showed that increased susceptibility to NK lysis upon vaccinia virus infection is seen in cell types other than fibroblasts (not shown), while time course experiments revealed that infection for only 2 h was sufficient to produce this altered sensitivity (not shown). Exposure of fibroblasts to inactivated virus did not trigger increased target cell susceptibility to NK lysis (Fig. 1B) . Vac- 51 Cr. NK cells were added to the cultures at the indicated effector-to-target cell (E:T) ratios, and the assay mixture was incubated at 37°C for 4 h. The fibroblasts were either uninfected (}) or infected with vaccinia virus WR (■). The data are representative of at least three experiments done with polyclonal NK lines generated from more than eight donors. The error bars indicate standard deviations. (B) Human fibroblast cells (HFFF2, passage 12) were mock infected or infected with either vaccinia virus (strain WR; MOI ϭ 5) or psoralen/UV-inactivated vaccinia virus (strain WR; MOI ϭ 5) before being labeled overnight with 51 Cr. NK cells were added to the cultures at the indicated E:T ratios, and the assay was incubated at 37°C for 4 h. }, uninfected fibroblasts; ■, fibroblasts infected with vaccinia virus WR; F, fibroblasts infected with psoralen/UV-inactivated vaccinia virus WR. The data are representative of at least three experiments done with polyclonal NK lines generated from more than four donors. cinia virus inactivated by treatment with psoralen and longwave UV is still able to bind and infect cells, but transcription and translation of many viral early genes and all viral late genes are blocked (54) . Thus, these data indicate that increased susceptibility to NK lysis is not triggered by virion proteins or by cellular signaling events induced by virion binding.
The altered target cell susceptibility to lysis by NK cells is provoked by expression of an early viral gene or genes. Although psoralen/UV treatment blocks replication of vaccinia virus, transcription of late genes, and induction of cytopathic effect, transcription and translation of some, but not all, early genes still occur (54) . These observations suggest that the triggering of susceptibility to lysis depends on viral genes expressed early rather than late. To test this idea, infection was carried out in the presence of AraC, an inhibitor of poxviral DNA replication and thus an inhibitor of late-viral-gene expression. If only viral early-gene products were required, then AraC should not affect the increased susceptibility to NK lysis on infection. As indicated in Fig. 2A , treatment with AraC had virtually no effect on the vaccinia virus-induced increased susceptibility to NK lysis, indicating that this effect depends principally on early-viral-gene expression. Addition of AraC to a cytotoxicity assay had no effect on the ability of NK cells to kill susceptible targets (Fig. 2B) ; thus, these experiments confirm that one or more early-gene products of vaccinia virus participate in the process that results in the markedly increased susceptibility to NK lysis provoked by infection with the virus. The increase in susceptibility to NK lysis produced by infection was not seen when cells were infected with vaccinia virus in the presence of the protein synthesis inhibitor CHX (Fig. 2C) at concentrations which block viral, as well as cellular, protein synthesis but do not interfere with virion uptake or early viral mRNA synthesis (10) . In the aggregate, therefore, these data demonstrate that viral entry, viral early-gene transcription, and protein synthesis are required to provoke the cellular response. However, since the cycloheximide treatment blocks both cellular-and viral-protein synthesis, these observations do not distinguish between NK cell recognition of viral proteins or host cell ligands induced by viral RNAs or proteins.
Increased susceptibility to NK lysis depends on a viral gene or genes present in multiple poxvirus isolates. We next tested whether the ability to provoke increased susceptibility to NK lysis was common among multiple orthopoxviruses, including three distinct species (vaccinia, cowpox, and camelpox viruses). Figure 3A shows that infection with any of 12 strains of vaccinia, rabbitpox, and buffalopox viruses (considered vaccinia virus strains), cowpox virus (Brighton Red strain), elephantpox virus (considered a cowpox virus strain), or camelpox virus triggered susceptibility to NK cytotoxicity, implying that the changes in the infected cell recognized by NK cells for lysis are provoked by expression of a gene or genes found in a wide range of poxviruses. Genes that are conserved among poxviruses tend to be centrally located in the genome and involved with common molecular functions, such as replication or virion assembly. In contrast, terminally located genes tend to be more variable and are often involved in host range restriction or immune subversion (37) . We therefore tested whether infection with a set of mutant vaccinia viruses, with deletions in the left-and right-hand ends of the genome (39, 51) , could trigger increased susceptibility to NK lysis. In these experiments, we FIG. 2. Viral early-gene expression is required to provoke altered susceptibility to lysis by NK cells. Human fibroblasts (HFFF2, passage 12) were either mock infected (}) or infected with vaccinia virus (strain WR; multiplicity of infection ϭ 5) (■) and labeled with 51 Cr. NK cells were added to the various cultures at the indicated effectorto-target cell (E:T) ratios, and the assay mixture was incubated at 37°C for 4 h. The data are representative of at least three experiments done with polyclonal NK cell lines generated from more than five donors. also included the highly attenuated vaccinia virus strain MVA, which has large deletions in both the left and right termini of the genome and some fragmented genes even in the central conserved region (3). NK cells were able to recognize and kill cells infected with any of the four viruses ( Fig. 3B and C) , indicating that the genes inactivated in these mutant viruses are not necessary to render infected cells susceptible to NK cell-mediated lysis. Thus, although the gene(s) triggering NK susceptibility has not been located, these observations are consistent with the hypothesis that conserved viral genes located centrally in the genome are important for this effect.
Alterations in inhibitory signaling via MHC class I molecules do not have a major effect on the increased susceptibility of vaccinia virus-infected cells to NK cell attack. NK cell recognition is controlled by a balance of signals from inhibitory and activating receptors (36, 58) . Key ligands transmitting inhibitory signals are MHC class I molecules (28, 34) , and so one possible explanation for the increased susceptibility to NK lysis provoked by virus infection was that virus-mediated downregulation of MHC class I molecules made the target cell more susceptible to NK cell attack: the "missing-self hypothesis" (30) . To examine this possibility, the levels of cell surface MHC class I molecules expressed on control and vaccinia virus-infected fibroblasts were examined, but only limited downregulation of MHC class I was observed (Fig. 4A) . Indeed, when the levels of MHC class I expression of infected and control DBB and JY B-cell lines were compared, no differences were observed (not shown). The significance of this slight reduction in MHC class I expression for NK cell recognition was ex- on September 12, 2017 by guest http://jvi.asm.org/ plored by studying the effect of blocking MHC class I molecules on NK cell lysis of uninfected and vaccinia virus-infected fibroblasts (Fig. 4B) . In these experiments, treatment with anti-HLA class I MAbs led to slightly increased NK killing of both uninfected and infected target cells, but it did not affect the specific increased killing of the vaccinia virus-infected targets compared to the uninfected fibroblasts. Further, these experiments showed that blockade with anti-MHC class I MAbs produced only small changes in fibroblast susceptibility to NK lysis, implying that inhibitory signaling via MHC class I molecules is not a major factor protecting fibroblasts from NK cell attack, an observation consistent with previous data from multiple groups (15, 16, 29, 61) . Overall, these data suggested that downregulation of MHC class I was of limited significance in specific NK cell recognition and lysis of vaccinia virus-infected target cells. (17) or the NCR (35) . In experiments with flow cytometry, no alteration in levels of expression of NKG2D ligands, such as MICA/B molecules (Fig. 5A) or ULBP-1, -2, or -3 (Fig. 5B) , was observed on vaccinia virus-infected cells. Consistent with these observations, vaccinia virus infection did not produce alterations in transcription of the MICA/B or ULBP-1, -2, and -3 genes (data not shown). Still, it was possible that the fluorescence-activated cell sorter binding experiments were not sensitive enough to detect subtle changes in NKG2D ligand expression or that upregulation of an NKG2D ligand not bound by the available MAbs was required for a functional role in NK-mediated killing of infected cells. Therefore, to determine definitively if NKG2D plays any part in NK lysis of vaccinia virus-infected target cells, NK cells were preblocked with saturating amounts of either anti-CD56 MAb, as a control, or anti-NKG2D MAb before incubation with uninfected and vaccinia virus-infected HFFF2 (Fig. 5C) and Hs27 (not shown) target cells in a 51 Cr release killing assay.
The increased susceptibility of vaccinia virus-infected cells to NK cell attack does not depend on altered expression of
In these experiments, treatment with anti-NKG2D led to reduced NK cell killing of both uninfected and infected target cells, but it did not reduce the increased killing of the virusinfected targets compared to the uninfected targets. Therefore, although NKG2D is clearly involved in the killing of the fibroblasts in this assay system, NKG2D/NKG2D ligand interactions do not appear to be the mechanism by which NK cells distinguish between uninfected and vaccinia virus-infected fibroblasts.
NK cell recognition of vaccinia virus-infected cells involves all three NCR.
The role of the NCR in NK-mediated killing of vaccinia virus-infected target cells was investigated by pretreating NK cells with MAbs specific for either NCR or CD56 (as a control) to block NCR-mediated NK cell activation. Inclusion of MAbs specific for any of the three NCR could block, at least partially, NK cell lysis of vaccinia virus-infected target cells (Fig. 6A, B , and C), while pretreatment of NK cells with a cocktail of MAbs specific for all three NCR completely blocked NK recognition of vaccinia virus-infected cells (Fig.  6D ). These data demonstrate that ligands for NKp30, NKp44, and NKp46 are expressed in response to vaccinia virus strain WR infection and play a role in the specific killing of vaccinia virus-infected target cells by NK cells. Induction of ligands for the NCR on vaccinia virus-infected cells could be confirmed in flow cytometry experiments, where target cells infected with vaccinia virus were stained with control Ig-Fc protein or NKp30-, -44-, and -46-Ig fusion proteins. A definite increase in binding of NKp30-Ig to the WR-infected cells compared to the uninfected cells was observed, as were small, but consistent, increases in binding of NKp44-Ig and NKp46-Ig to infected cells (Fig. 7) . Similar observations were made in staining experiments with Hs27 fibroblasts and HeLa cells infected with vaccinia virus (data not shown). In control experiments, all three NCR-Ig fusion proteins stained the A549 cell line (not shown), which has been reported to express ligands for all three NCR (42) . We could confirm that at least some of the NKp30 ligands upregulated upon vaccinia virus infection were cellular proteins, since infected cells showed increased reactivity with a novel MAb, 138, raised against NKp30 ligand-expressing tumor cells and shown to block binding of soluble NKp30 to these cells (Fig. 7B) 
DISCUSSION
Vaccinia virus infection is known to drive NK activation, proliferation, and accumulation at the site of infection (14, 18, 21, 40) , and it is thought that NK cells mediate an important element in the protective response against this poxvirus (14, 49) . However, while the importance of NK cells in the immune response to poxvirus infection has been known for some time, very little information is known about how NK cells recognize target cells infected by these viruses. It has been reported that vaccinia virus-infected cells show an increased susceptibility to NK lysis that coincides with a limited reduction in expression of H-2 class I molecules (13) . Interpretation of this study is complicated, however, since apart from the well-documented differences in NK receptor repertoire and function between human and murine NK cells (24) , the function of the MHC class I molecules in NK recognition was not tested directly in this study. Indeed, the peak of susceptibility to NK lysis was also the moment of maximal target cell sensitivity to lysis by vaccinia virus-specific cytotoxic T lymphocytes. Our data (Fig.  4) clearly demonstrate, first, that vaccinia virus infection provokes only a modest decrease in MHC class I expression, consistent with previous observations (10), and second, that inhibitory signaling by MHC class I molecules is of only limited importance in protecting fibroblasts from NK cell lysis, an observation in agreement with previous data from multiple groups both in vitro (15, 16, 29) and in vivo (61) . It might be argued that uninfected HFFs lack positive signals needed to trigger NK cells and that MHC class I-dependent inhibitory signaling could have a stronger effect in the context of infected cells, which have upregulated ligands for the "triggering" receptors. However, blocking MHC class I on vaccinia virusinfected HFFs did not enhance the susceptibility to NK lysis of infected cells to a greater degree than that seen with uninfected cells. Overall, therefore, these data indicate that while MHC class I expression confers a low level of protection against NK cell attack, alterations in this inhibitory signaling are not the molecular basis of specific NK cell recognition of vaccinia virus-infected fibroblasts.
In this context, an alternative hypothesis to explain the increased sensitivity to NK lysis of virus-infected cells was that virus infection produces increased target cell expression of ligands for activating NK receptors, such as NKG2D (17) or the NCR (35) . The activating receptor NKG2D, which is expressed by NK cells, T cells, some cytolytic CD8 ϩ T cells and NK T cells, and a minor subset of CD4 ϩ T cells (46) , is believed to be important in immunosurveillance of multiple tumor types (17, 46) , as well as cells infected with viruses, such as cytomegalovirus, and certain bacteria (19, 23, 52) . Surprisingly, however, while the interaction of NKG2D with MICA/B is clearly a component of NK recognition and lysis of fibroblasts, either mock infected or vaccinia virus infected, it is also clear that this interaction is not the basis on which NK cells discriminate between vaccinia virus-infected and uninfected cells (Fig. 5) .
The major factor provoking specific NK lysis of poxvirusinfected target cells is the induction, on the target cell, of ligands for the NCR (Fig. 6 and 7) . Inclusion of MAbs specific for all three NCR was required for a complete block of NK lysis (Fig. 6) , demonstrating, first, that infection induces or upregulates the expression of ligands for the three NCR and, second, that the NCR are of critical importance in NK-mediated lysis of poxvirus-infected cells. These observations also show that the concept that expression of ligands for NK-activating receptors is induced rather than constitutive is relevant not only to the interactions of NKG2D with its ligands (36, 58) , but also the interaction of the NCR with their ligands.
At present, little is known about the ligands of the NCR. It has been suggested that proteoglycans posttranslationally modified by addition of heparan-sulfate may be components of the structures bound by NKp30 and NKp46 (9), but others have failed to reproduce these observations (59) . It has also been reported that the hemagglutinin and neuraminidase proteins of influenza and parainfluenza viruses can bind to sialic acid moieties on the NKp44 and NKp46 receptors, but not NKp30, to activate NK cells (5, 32) . However, for the experiments presented here, it seems clear that vaccinia virus hemagglutinin (HA) or neuraminidase protein is not required, since vaccinia virus lacks detectable neuraminidase activity (7, 22) and infection with HA-negative viruses, such as IHD-W, which has no detectable hemadsorption activity and no HA protein on the cell surface (26, 48) , or MVA (4), still provokes increased susceptibility to NK lysis (Fig. 3) .
We have not yet identified a specific vaccinia virus gene or genes whose expression provokes the changes in the target cell recognized by NK cells, but the data clearly indicate that this effect depends principally on a gene or genes present in multiple distinct species of orthopoxviruses (Fig. 3A) . The experiments with psoralen/long-wave UV light-inactivated virus are particularly interesting, since this treatment targets viral nucleic acid and introduces chemical cross-linking in the viral genome, generating noncytopathic viruses able to infect cells and express small, but not large, viral early genes (54) . Expression of viral late genes is abolished in cells infected with these viruses; thus, the lack of susceptibility to NK lysis of cells infected with psoralen/UV-treated virus (Fig. 1B) demonstrates, first, that binding and entry of virus is not sufficient to trigger susceptibility to NK cell attack and, second, that lategene expression and viral replication are also not required. These observations strongly suggest that expression of viral early genes is the key step in triggering NK susceptibility, and the results of the AraC experiments, in which late-gene expression is blocked but early-gene expression is allowed, are consistent with this interpretation (Fig. 2A) . We cannot absolutely exclude the possibility that other factors may have some minor role in provoking susceptibility to NK lysis (e.g., induced cellular signaling events at the level of virus entry could help to initiate a cascade of events leading up to the synthesis of the ligands for the NCR), but our working hypothesis is that the ligands for the NCR that appear on infection are cellular proteins upregulated, or altered, by some viral early gene or genes after infection with vaccinia virus. In support of this idea, cells infected with vaccinia virus showed increased reactivity with a novel NKp30 ligand-specific MAb raised against NCR ligand-expressing tumor cells and shown to block binding of soluble NKp30 to these cells (Fig. 7B) sonal communication]) common to all the orthopoxviruses and able to trigger susceptibility to NK cell lysis. None of these open reading frames encoded proteins with a signal sequence and a transmembrane domain, implying that they are expressed at the surface of the infected cell, although with the caveat that there could be a direct interaction of the NCR with some poxvirus protein, since certain poxviral proteins that lack a transmembrane domain may still associate with the cell surface, e.g., B18R, the viral type I interferon receptor (2) . Overall, however, these observations suggest that some NK cell recognition may be based on monitoring changes in the target cells induced by conserved processes involved in virus survival or replication. This would be an interesting parallel to other components of the innate immune system where conserved structural elements of pathogens directly interact with conserved germ line-encoded receptors (57) . Molecular characterization of the ligands for the NCR and the factors controlling their expression will allow determination of the validity of this hypothesis.
A reasonable prediction of the hypothesis that the NCR ligands are cellular factors whose expression is induced by virus infection is that infection with other viruses might also induce expression of ligands for the NCR, and although this does not appear to be the case for cytomegaloviruses, it has recently been reported that human immunodeficiency virus (HIV) infection can lead to expression of a ligand for NKp44. NK cell recognition of human cytomegalovirus-infected fibroblasts seems to be based on the binding of the NKG2D, DNAM-1, and CD96 receptors to their ligands, whereas no changes are seen in the expression of ligands for NCR, such as NKp30 and NKp46 (25, 53) . NKG2D/NKG2D ligand interactions are also important for NK cell recognition of murine cytomegalovirusinfected cells, but subsets of murine NK cells can also be activated by direct recognition of viral glycoproteins by activating Ly-49 receptors (25) . HIV type 1 infection has been reported to induce expression of a cellular ligand for NKp44, but not NKp46, and CD4 ϩ T cells expressing this ligand become highly sensitive to lysis by NKp44 ϩ NK cells (56) . In these experiments, HIV infection also produced a slight increase in reactivity with NKp30-Ig, but the functional significance of this observation was not tested. Vaccinia virus infection produced an increased expression of ligands for all three NCR (Fig. 6 ), but experiments with flow cytometry showed that the NCR ligands were not upregulated to the same extent ( Fig. 7) : vaccinia virus-infected target cells consistently stained much more brightly with soluble NKp30 than with soluble NKp44 or NKp46 protein. The significance of these observations is not clear, but one simple explanation of these data would be that the binding of NKp30 to its ligand(s) is of much higher affinity than NKp44 or NKp46 ligand binding and so is easier to visualize. An alternative hypothesis is that the ligands for the various NCR are upregulated differentially in response to different stimuli, so that the different NCR would be variably important in NK cell recognition of different target cells. The available data do not distinguish between these possibilities; indeed, in vitro, even low-level expression of NCR ligand appears sufficient to trigger NK cell cytotoxicity ( Fig. 6 and 7) ; however, it is at least conceivable that this may not be the case in vivo.
Finally, the fact that infection with MVA produces increased target cell susceptibility to NK lysis is interesting from another point of view. This highly attenuated virus has lost around 15% of the parental viral genome, and its ability to replicate in human cells is extremely limited, yet in mammals, infection with MVA recombinants induces protective immunity against a wide spectrum of pathogens and the use of MVA as a vector for the generation of live vaccines against infectious diseases and in cancer therapy has been widely explored due to its safety and its ability to evoke protection (38, 50) . The data here show that despite the extensive genetic lesions of this virus, MVA-infected cells are efficiently recognized and lysed by NK cells. It is possible that this phenomenon could affect the duration and/or efficiency of antigen challenge to the immune system, and it would be interesting to explore the effect of NK cell depletion on MVA-based vaccination strategies.
